Despite the major importance of soil biota in nutrient and energy fluxes, interactions in soil food webs are poorly understood. Here we provide an overview of recent advances in uncovering the trophic structure of soil food webs using natural variations in stable isotope ratios. We discuss approaches of application, normalization and interpretation of stable isotope ratios along with methodological
I. INTRODUCTION
In terrestrial ecosystems about 90% of the primary production is channelled via detritus to the belowground system (Cebrian, 1999; Shurin, Gruner & Hillebrand, 2006) . Dead plant material enters soil food webs and either is decomposed or stabilized and stored in soil organic matter. Decomposition and storage processes are driven by the activity of and interactions between soil microorganisms and animals (De Ruiter et al., 1993; Nielsen et al., 2011; Filser et al., 2016) . Functional links in the soil food web are related to soil ecosystem services (De Vries et al., 2013) and drive feedbacks between above-and belowground compartments of terrestrial ecosystems (Scheu, 2001; Wardle et al., 2004) . Despite their major importance in ecosystem processes, detrital systems remain poorly understood. Interactions in the soil food web are obscure in part due to the huge diversity of soil organisms and their cryptic lifestyle. However, by using integrative approaches and including novel technologies major progress in understanding soil food webs has been achieved (Brose & Scheu, 2014; Digel et al., 2014) , resulting in the reconsideration of long-standing paradigms in soil ecology (Bradford, 2016) . Herein, we focus on bulk stable isotope analysis, one of the most powerful tools in soil ecology. We provide an overview of recent advances, compile implications and limitations of the method, perform a meta-analysis of published data on temperate forest ecosystems, and discuss emerging concepts and perspectives of using natural variations in stable isotope abundances to uncover the functioning of soil food webs. Stable isotope ratios of carbon ( 13 C/ 12 C) and nitrogen ( 15 N/ 14 N) are used to study trophic interactions of organisms in situ, which is particularly useful for investigating cryptic systems such as those below the ground. The method was introduced into ecology more than 30 years ago (DeNiro & Epstein, 1978 , 1981 Minagawa & Wada, 1984) . During the first decade thereafter it was mainly used to study aquatic systems (Peterson, Howarth & Garritt, 1985; Fry & Sherr, 1989) . Some early studies realized the advantages of the method for investigating soil animals; these studies, however, were focused on large and relatively well-studied taxa, such as earthworms and termites (Boutton, Arshad & Tieszen, 1983; Spain, Saffigna & Wood, 1990; Martin et al., 1992b) . Wider attention from soil ecologists was initiated by two concurrent studies investigating a broad spectrum of soil invertebrates in a food web context (Ponsard & Arditi, 2000; Scheu & Falca, 2000) . Since then stable isotope studies have allowed major advances in understanding the trophic structure and trophic links in soil animal communities of various ecosystems. Early follow-up studies uncovered the trophic complexity of mesofauna 'decomposer' taxa which had been hitherto treated as being trophically similar and therefore grouped into a single trophic guild (Schneider et al., 2004; Chahartaghi et al., 2005) . Results of these studies suggested that many assumptions concerning the structure of and the flux of carbon through soil food webs needs to be reconsidered. Subsequently, Ostle et al. (2007) and Pollierer et al. (2007) used 13 CO 2 labelling of plants to demonstrate the importance of root-derived carbon in fuelling decomposer food webs both in grassland and forest ecosystems. The advances in understanding the structure and functioning of soil animal food webs obtained by using stable isotope analysis of carbon and nitrogen have been reviewed in a number of studies. Tiunov (2007) provided an overview on the use of stable isotopes in soil food-web ecology. Maraun et al. (2011) discussed perspectives but also limitations of using stable isotopes in understanding the trophic structure and ecology of oribatid mites. Further, Crotty et al. (2012) tracked bacterial and fungal energy channels using stable isotope analysis in a protist-focused review. Recently, Hyodo (2015) reviewed the use of stable carbon and nitrogen isotopes in the trophic ecology of insects. However, considering the rapid development of the field and the wide range of novel findings, there is now a need to review the current literature, to reflect Cumulative number of papers (N = 115) employing natural variations in stable isotope ratios for studying soil food webs and the trophic ecology of soil animals . The number of publications on different taxonomic groups of soil fauna (community studies include those with more than three taxonomic groups studied), from different climatic zones and from different continents is shown to the right. The full list of publications is given in Table S1 .
the state of the art of soil food-web studies using stable isotopes and to develop perspectives for future research.
II. SELECTION OF PUBLICATIONS AND COMPILATION OF DATA
To review progress in using stable isotopes in soil food-web research, we searched for the key words 'stable isotopes' and ('soil animals' or 'soil fauna') in the Web of Science. Only studies based on natural variations in stable isotope ratios were selected (i.e. isotope-labelling studies were omitted). After additional studies were added from the personal databases of the authors, we compiled a total of 115 papers published between 1983 and 2016 ( Fig. 1 ; for the full list of papers see Table S1 ). The papers were published mostly in soil biology journals such as Soil Biology and Biochemistry and Pedobiologia. Two-thirds of the studies were performed in temperate regions with 57% of the studies originating from Europe (mostly Germany and the UK). Forest ecosystems received most attention with half of the studies focusing on forest soil fauna. South America and Australia were strongly underrepresented in the data set.
The publications were classified according to the animal taxa studied. When both macro-and mesofauna or more than three macrofauna groups were covered in the same paper, the publication was categorized as a 'community study'. Of the animal taxa, Lumbricina (earthworms) were the most intensively studied reflecting their functional importance in soil. Other groups that received considerable attention included Isoptera (termites), Formicidae (ants), Oribatida (moss mites), Collembola (springtails) and Carabidae (ground beetles) (Fig. 1 ). Among microfauna, few studies included Nematoda (nematodes), 'Protozoa' (protists), Rotifera (rotifers) and Tardigrada (tardigrades) (see online Table S1 ). The scarcity of studies on microfauna is due to limitations in the sensitivity of the analytical systems, but this may be alleviated in the near future with technical improvements of the method (Langel & Dyckmans, 2014) . Information on a number of soil animal taxa such as Protura (proturans) and Pauropoda (pauropods) is missing.
Twenty-three papers reporting data on temperate forest ecosystems and providing information on both carbon and nitrogen stable isotope composition were selected for further analysis (marked with asterisks in Table S1 ). In the selected papers, average stable isotope composition of species was extracted from tables and figures and normalized to the local leaf litter of the studied ecosystem. The resulting data set comprised 1300 data records (i.e. stable isotope ratios of single species in a certain ecosystem) of 28 taxa (see online  Table S2 ). The data set (hereafter referred to as the 'compiled data set') was used for meta-analysis. All statistical analyses in this study were performed in R 3.3.0 (R Core Team, 2016) . Values are presented as mean ± 1 SD (N replications) and P = 0.05 was taken as level of significance.
III. BASIC PRINCIPLES AND GENERAL APPLICATIONS
Natural variations in stable isotope ratios ('isotopic signature') are expressed using the delta notation (δ 13 C and δ 15 N). (Fry, 2006; Brand & Coplen, 2012) . Delta values for the 13 C/ 12 C ratio in terrestrial ecosystems are negative and typically range between −35 and −10‰, whereas those of 15 N/ 14 N may be positive or negative and usually range between −10 and +15‰. Typical δ 13 C and δ 15 N values in C3 photosynthesis-based ecosystems are summarized in Fig. 2 . The δ 13 C and δ 15 N values provide information on differences in trophic niches among species or individuals, breadth of trophic niches of species, and indicate potential food sources (Fig. 3) . Stable isotope values integrate information on the food assimilated by animals over a certain time period, depending on body size and tissue turnover rates. Tissue turnover times vary between 1 month for Collembola to several months for Lumbricina (Schmidt, Scrimgeour & Curry, 1999; Larsen et al., 2009b; Potapov et al., 2013) , and also differ in different tissues such as gonads and exoskeleton Tsurikov, Goncharov & Tiunov, 2015) . In general, δ 15 N values reflect the trophic level of an organism, whereas δ 13 C values reflect basal resources (Tiunov, 2007; Perkins et al., 2014) .
One of the major advantages of the stable isotope analysis is the generality of metrics across ecosystems and taxonomic groups (e.g. . Nevertheless, stable isotope studies typically focus on certain ecosystems and fields in animal ecology. In marine ecology, stable isotope analysis has been used extensively to study the size structure of food webs (Jennings et al., 2001; Blanchard et al., 2009) , food-chain length (Post, 2002; Vander Zanden & Fetzer, 2007) and benthic-pelagic coupling (Hobson, Ambrose & Renaud, 1995; Blanchard et al., 2011) . In terrestrial (aboveground) animal communities, stable isotopes predominantly have been used to reconstruct trophic links (Urton & Hobson, 2005; Codron et al., 2007) and to uncover migration processes (Rubenstein & Hobson, 2004; Ben-David & Flaherty, 2012) . We omit extended discussion on the general principles of the use of natural variations in stable ratios in food-web ecology as this has been done before (Peterson & Fry, 1987;  15 N values reflects the length of trophic chains, the range of δ 13 C values reflects variability of basal food sources, and distances between species reflect trophic differentiation (see Section V). (B) Comparison of trophic niches of two species. Lower variation in stable isotope signatures reflects higher trophic or habitat specialization in species B than in species A. Different positions in the isotopic bi-plot reflect different food sources (see Section V). (C) Changes in stable isotope composition after diet switching; the stable isotope composition of the consumer depends on the food resource. The time period required for reaching isotopic equilibrium with food resources depends on the tissue turnover rate of the animal. TEF, trophic enrichment factor (see Section VI). (D) Reconstruction of trophic links between the consumer and potential food resources. Resource A constitutes the majority of the diet (see Section VI). Fry, 2006; Martinez del Rio et al., 2009) . Rather, we focus on the use of natural variations in stable isotope ratios in studying soil animal communities and restrict the discussion to soil-specific aspects.
IV. PITFALLS IN DATA INTERPRETATION

Natural variations in δ
15 N and δ 13 C values depend on a number of biological factors related to the physiology, chemical composition and behaviour of animals, and these factors need to be considered in data interpretation (Tiunov, 2007; Boecklen et al., 2011; Hyodo, 2015) . The most important technical constraints, pitfalls and complications in the use of bulk stable isotope analysis are compiled in Table 1 along with suggested countermeasures. One set of factors is related to the differences in isotope composition of animal tissues and chemical compounds (Webb et al., 1998) . Accounting for these differences needs careful consideration when preparing samples for stable isotope analysis. Generally, muscle tissue is preferred, but extracting muscular tissue is difficult in small animals and therefore the whole body may be used. Freeze-drying is often recommended as best preservation method (Ponsard & Amlou, 1999; Krab et al., 2012) . Preservation of animals in fixative liquids such as ethanol only slightly affects δ 15 N values, but may result in increased δ 13 C values because ethanol dissolves lipids (Tillberg et al., 2006; Krab et al., 2012) . The effect likely differs among species and life stages as the content of lipids varies widely in different taxonomic groups of soil animals and also in different tissues. Thus, it is advisable to standardize the extraction of lipids across samples (Abd El-Wakeil, 2009) or to consider a mathematical correction for lipids when interpreting the data . However, since lipids of prey species constitute an important energy resource for consumers, (Tarroux et al., 2010) . Particular care is needed when analysing animals bearing 13 C-enriched inorganic C (mainly CaCO 3 ) in their integuments as is the case in many species of Diplopoda, Oribatida and Crustacea. Finally, the gut content may complicate the interpretation of stable isotope data of soil animals and therefore, it is advisable to allow animals to void their gut prior to analysis. Alternatively, animals might be dissected to eliminate the gut.
Another set of factors is more difficult to account for. For example, stable isotope composition can differ at different life stages or in different sexes (Potapov et al., 2014; Goncharov et al., 2015; Tsurikov et al., 2015) . Further, δ 15 N and δ 13 C values of animals can vary seasonally (Albers et al., 2006; Okuzaki et al., 2009; Potapov et al., 2014; Scheunemann et al., 2015) . These changes can be tracked in tissues with distinct rates of turnover (Phillips & Eldridge, 2006; Wolf, Carleton & Martínez del Rio, 2009; Seifert & Scheu, 2012 (Hertz et al., 2015) .
V. TROPHIC NICHE METRICS
The analysis of natural variations in stable isotope ratios can be used quantitatively to analyse 'isotopic trophic niches' in the δ-space. The 'isotopic niche' provides a proxy of the real trophic niche but depends on a number of factors other than trophic relationships (Newsome et al., 2007) . Typically, the isotopic niche includes two axes representing the δ 15 N and δ 13 C values (multi-dimensional isotopic niches may additionally include δ 34 S, δD or δ 14 C values, but such studies have not been conducted on soil animals). This limits the resolution and power of the analysis, especially if the system includes a diversity of potential food sources. Further, resources varying in δ 15 N and δ 13 C values may compromise the interpretation of stable isotope values of consumers (Newsome et al., 2007) . Nevertheless, stable isotope analysis is an efficient approach for inferring trophic niches of species in complex communities, in particular considering time-efficiency and the rigour of information obtained. Analytical tools for characterizing the trophic structure of communities using stable isotopes have been reviewed previously (Boecklen et al., 2011; Layman et al., 2012) and will only be considered briefly here.
The length of trophic chains in a community is reflected by the range of the δ 15 N values, whereas the range of δ 13 C values reflects the variability of basal food resources (Fig. 3A) . Isotopic metrics also allow estimating the density and homogeneity of trophic niches in communities . Further, isotopic metrics have been developed to include the relative position of organisms in δ-space and similarities between populations (Cucherousset & Villéger, 2015) . The use of scaled δ values that vary between 0 and 1 has been proposed as an unbiased way to reflect isotopic diversity (Cucherousset & Villéger, 2015) . Validity of some isotopic metrics (such as δ 13 C and δ 15 N ranges) has generally been supported by experimental studies (Perkins et al., 2014) . However, it has been stressed recently that the reliability of isotopic community metrics can be low in species-rich food webs with low connectance, large vertical diversity and frequent omnivory (Jabot et al., 2017) . Bayesian-based statistics may be applied for estimating isotopic niche width even if the number of samples is low (Jackson et al., 2011 .
Isotopic metrics of soil communities were reported first by Okuzaki et al. (2009) who used the δ 13 C range, the δ 15 N range and the total isotopic area to compare different microhabitats, sites and seasons. The results suggest that food chains in the mineral soil are longer than in the litter layer. Two other studies showed that the isotopic niche of Collembola in temperate forests (based on δ 13 C and δ 15 N ranges) is at least as wide as that of macrofauna species, suggesting similar variations in the diet of these two groups (Korobushkin, Gongalsky & Tiunov, 2014; Potapov et al., 2016b) . This is supported by data compiled for this study (Section IX).
Trophic differentiation among species or trophic groups has been analysed in a number of studies (Pollierer et al., 2009; Maraun et al., 2011; Lagerlöf, Maribie & Muturi John, 2017) . By contrast, intraspecific variability of trophic niches has received little attention, although some progress has been made (Fig. 3B) . Intraspecific variations in the stable isotope composition were attributed to developmental stage in millipedes and wireworms (Potapov et al., 2014; Samoylova & Tiunov, 2017) and to sex in ground beetles . Isotopic difference between brood and workers and between different colonies in ants has been reported by Tillberg et al. (2006) . Isotopic variability in ground beetles inhabiting lake archipelagoes was shown to be high both at the intra-and inter-population level, presumably due to opportunistic feeding (Zalewski et al., 2014 (Zalewski et al., , 2016 . Hence, mobile ground-dwelling generalist predators may contribute to the regulation of very different prey species and connect local trophic chains at larger spatial scales, or connect above-and below-ground ecosystem compartments. This was confirmed by other stable isotope-based studies (Pringle & Fox-Dobbs, 2008; Goncharov & Tiunov, 2012; Korobushkin et al., 2016) . Future studies may combine stable isotope ratios with other ecological and morphological traits (Pey et al., 2014; Maaß et al., 2015; Widenfalk et al., 2016; Chen et al., 2017) providing the perspective to answer not only 'how' but also 'why' trophic positions and trophic niche parameters differ among species. (Gannes, Martinez Del Rio & Koch, 1998) , whereas the reasons for the accumulation of 13 C in trophic chains remains unclear. The extent of trophic fractionation may vary but in aboveground food webs averages 3.4‰ for δ 15 N and <1.0‰ for δ 13 C per trophic level (Post, 2002; McCutchan et al., 2003; Vanderklift & Ponsard, 2003) . Notably, if given in atom% the trophic fractionation is similar for 15 N and 13 C, both increasing by about 0.0012 atom% per trophic level.
VI. TROPHIC ENRICHMENT
In contrast to aboveground food webs, TEFs in soil food webs vary among trophic levels. At the base of soil food webs 13 C values tend to be larger whereas 15 N values tend to be smaller than at higher trophic levels (Vanderklift & Ponsard, 2003; Potapov et al., 2013) . At higher trophic levels consumers usually show the expected enrichment in 15 N by 3-4‰ and a small difference in δ 13 C values as compared to their prey (Ponsard & Arditi, 2000; Oelbermann & Scheu, 2002 Ruess et al., 2004) .
TEF for 15 N can vary depending on diet quality, taxonomic group and type of nitrogen excretion of the consumer (Vanderklift & Ponsard, 2003) . In detrital systems, patterns of trophic fractionation are still poorly studied. Average 15 N values of about 3.0-3.5‰, but with high variation were obtained between fungi, fungivores and predators in laboratory food chains (Oelbermann & Scheu, 2002; Scheu & Folger, 2004) . In other experiments 15 N values averaged 3.9‰ both for Collembola (Semenina & Tiunov, 2011) and Oribatida (Heethoff & Scheu, 2016) . By contrast, when grazing on plant litter colonized by saprotrophic microorganisms in the laboratory or in the field, 15 N TEFs in Collembola species were typically <2‰ (Chahartaghi et al., 2005; Potapov et al., 2013; Potapov et al., 2016b) . Low TEFs have also been reported for other decomposer animals, e.g. oribatid mites and millipedes (Pollierer et al., 2009; Maraun et al., 2011; . The reasons for the low 15 N enrichment in decomposers are not fully understood but might be due to low food quality as low protein content often results in low trophic fractionation (Oelbermann & Scheu, 2002; McCutchan et al., 2003; Martinez del Rio et al., 2009 ). However, recent laboratory studies did not find 15 N values to vary with food quality (Heethoff & Scheu, 2016) . Another explanation might be the assimilation of resources depleted in 15 N. For instance, algae and lichens incorporate 15 N-depleted atmospheric N deposits (Tozer et al., 2005) and may channel this nitrogen to animal consumers in the soil (Schmidt, Dyckmans & Schrader, 2016; Potapov, Korotkevich & Tiunov, 2018) .
Typically, soil invertebrates are enriched in 13 C by about 2-5‰ relative to the leaf litter (Schmidt et al., 2004; Okuzaki et al., 2009; Pollierer et al., 2009 ). This 13 C enrichment ('detrital shift') is likely caused by acquiring C from saprotrophic fungi and bacteria (Potapov et al., 2013; Korobushkin et al., 2014; Hyodo, 2015) . In turn, microbial enrichment in 13 C relative to the litter may be driven by selective use of certain organic compounds (Dijkstra et al., 2006) . Lignin is 13 C-depleted relative to bulk litter, whereas cellulose, sugars, proteins and other less-recalcitrant compounds are relatively enriched in 13 C (Hobbie & Werner, 2004; Bowling, Pataki & Randerson, 2008) . The enrichment of soil fauna in 13 C as compared to litter may also indicate that root exudates, consisting predominantly of labile compounds less depleted in 13 C than bulk litter, contribute significantly to the nutrition of decomposer soil animals (Pollierer et al., 2009) . Preferential incorporation of labile compounds by microorganisms and subsequently by microbivorous animals may result in the increase in δ 13 C values of the whole decomposer community. Furthermore, laboratory experiments showed that CO 2 respired by microorganisms is more depleted in 13 C than leaf litter (Šantrȗčková, Bird & Lloyd, 2000; Fernandez, Mahieu & Cadisch, 2003) , although these results remain controversial (Boström, Comstedt & Ekblad, 2008 ). δ 13 C values in dead plant material increase during decomposition, i.e. old soil carbon is enriched in 13 C as compared to leaf litter (Wedin et al., 1995; Ågren, Bosatta & Balesdent, 1996; Boström, Comstedt & Ekblad, 2007) . This is also reflected in the increase in δ 13 C values with soil depth (see Section VIII). Thereby, recycling of organic compounds incorporated into microbial tissue results in the accumulation of 13 C in soil and soil microorganisms. Thus, both preferential incorporation of labile carbon compounds by soil microorganisms as well as the accumulation of 13 C during decomposition processes may explain the increase in δ 13 C values in soil animals as compared to leaf litter.
Soil herbivores such as rhizophagous Curculionidae larvae are typically little enriched in 13 C relative to their plant diet (Hobbie et al., 2007; Samoylova & Tiunov, 2017) . Based on compound-specific stable isotope analysis, Steffan et al. (2017) estimated the contribution of plant and microbial carbon to the diet of an array of detritivore species including Collembola and Lumbricina to be about 50/50, but this ratio likely varies among ecosystems and decomposer taxa. Results of the laboratory study by Heethoff & Scheu (2016) suggest that fractionation of carbon (but not of nitrogen) isotopes in soil food chains can vary broadly depending on the type of food, and 13 C values therefore should be interpreted with caution. However, these results need further confirmation using a representative array of both organic compounds and animal species. Such experiments are essential for the isotope-based reconstruction of trophic interactions and a better understanding of the pathways and mechanisms of the recycling of different types of dead organic matter in soil (Moore et al., 2004) .
VII. BASELINE NORMALIZATION ACROSS ECOSYSTEMS
Stable isotope composition of primary producers is affected by a number of factors and varies considerably among ecosystems (Peterson & Fry, 1987; Amundson et al., 2003; Hyodo et al., 2013) . Therefore, δ 13 C and δ 15 N values of animals inhabiting different ecosystems cannot be compared without considering the differences in baseline values. Baseline normalization is typically done by subtracting δ 13 C or δ 15 N values of leaf litter from those of soil animals (Ponsard & Arditi, 2000; Schneider et al., 2004) . Normalized δ values (often denoted as or ε values) of soil animals from different ecosystems can then be compared Potapov et al., 2016b) . This normalization is crucial for δ
15 N values, but may not be needed for δ 13 C values (Korobushkin et al., 2014) . In some cases mineral soil rather than litter δ values has been used as the baseline to normalize animal stable isotope composition (Crotty et al., 2014; Cronin et al., 2015) . This approach, however, does not consider the often-pronounced vertical gradient in δ 13 C and δ 15 N values in the upper part of the soil profile (see Section VIII).
Normalization using δ 13 C and δ 15 N values of certain animal species was suggested by Post (2002) but the species used should have the same trophic position across the studied ecosystems. To compare bark-living and soil-living oribatid mites, Maraun et al. (2011) used species of the genus Ceratozetes present in both communities and known to have a constant trophic niche. In other studies, species of earthworms or millipedes have been used to normalize other species in the food web (Seeber et al., 2005; . However, using animals as a baseline or other elaborate normalization procedures may complicate comparison of δ 13 C and δ 15 N values across different studies. To avoid such difficulties, the centroid of the community, i.e. the average stable isotope composition across all individuals or species studied, can be used for normalization Turner, Collyer & Krabbenhoft, 2010) , but to allow comparisons with other studies a representative set of species needs to be included. In some cases green leaves of plants have been used for normalization of animal δ 13 C and δ 15 N values , but caution is needed in this approach as δ 13 C and δ 15 N values of plant species and life forms may vary, e.g. due to the 'canopy effect' (Brooks et al., 1997; Hyodo et al., 2013) . Considering that a substantial fraction of the diet of soil animals may be based on root-derived resources, normalization to fine roots may be an alternative to leaf litter; both approaches have been found to provide similar results . Overall, there are a number of possibilities to normalize δ 13 C and δ 15 N values of soil animals and the selection of the baseline used for normalization depends on individual settings and the purposes of the study. In most cases, using leaf litter as a reference or as a covariate in statistical analysis (Melguizo-Ruiz et al., 2017) might be the best choice even though leaf litter may not function as the major food resource of a particular food web. When using leaf litter as a baseline, representative samples must be taken to allow estimation not only of mean values, but also of the variability in the baseline. Samples should represent the full area of the sampling site as the δ 13 C and δ 15 N values of detritus may vary considerably in space (Ponsard & Arditi, 2000; Cronin et al., 2015) .
VIII. SOIL DEPTH ISOTOPE GRADIENT
Organic matter in deeper soil layers typically is enriched in 15 N and 13 C relative to upper soil layers and leaf litter (Garten et al., 2000; Tiunov, 2007) . Plant roots preferentially take up labile nitrogen compounds depleted in 15 N and transport them into shoots, leaving 15 N-enriched compounds in the soil. By contrast, mycorrhizal fungi accumulate 15 N in their hyphae (Högberg et al., 1996) which results in 15 N enrichment of soil organic matter (Hobbie & Ouimette, 2009) . The 15 N enrichment in soil organic matter is stronger in ecosystems with high internal nitrogen cycling and also depends on the type of plant-mycorrhizal associations (Vervaet et al., 2002; Hobbie & Ouimette, 2009 ). In turn, δ 13 C values in decomposing litter tend to increase (see Section VI) which is due to the accumulation of microbial-derived compounds in organic matter (Wedin et al., 1995; Boström et al., 2007; Wynn, 2007) . Data compiled for this study confirm these findings; in temperate forest ecosystems δ 15 N and δ 13 C values in the upper mineral soil (Ah layer) on average are increased relative to leaf litter by 2.7 ± 1.6‰ and 1.8 ± 1.1‰ (N = 24), respectively (see online Table S3 ). The ratio between 15 N and 13 C enrichment of upper mineral soil varied strongly across ecosystems, indicating that different processes drive 15 N and 13 C accumulation in soil.
The increase in 13 C and 15 N values in soil organic matter with soil depth may have significant implications for the stable isotope composition of soil animals. The δ 13 C and δ 15 N values of soil microorganisms are linked to that of soil organic matter (Wallander, Göransson & Rosengren, 2004; Dijkstra et al., 2006) . Hence, δ 15 N and δ 13 C values of sapro-/microbivorous soil animals should increase with soil depth and with the age of the soil organic matter consumed and digested. This was indeed confirmed for termites and earthworms using 14 C analysis (Briones, Garnett & Piearce, 2005; Hyodo, Tayasu & Wada, 2006; Hyodo et al., 2008) . In earthworms δ 15 N values of endogeic species feeding in mineral soil significantly exceed those of epigeic species feeding in organic layers (Briones et al., 1999b; Schmidt, Scrimgeour & Handley, 1997; Schmidt et al., 2004; Fig. 4A) . Variations in δ 15 N and δ 13 C values with life form (associated with colonizing different soil layers) have also been reported for Collembola (Hishi et al., 2007; Potapov et al., 2016b) . Changes in δ 15 N values with soil depth as observed in different soil animal species, however, may not apply to different individuals of the same species sampled from different soil depth (Scheu & Falca, 2000) . In the data set compiled for this study litter-normalized δ 15 N values of Collembola species increased significantly with the soil depth they typically live in (Fig. 4C) . A similar, although less-pronounced trend, was found for Oribatida species from pine and aspen forests (Fig. 4D) . On average, soil-dwelling species of Lumbricina, Collembola and Oribatida were enriched in 15 N as compared to litter-dwelling species by 3.5, 5.0 and 2.5‰, respectively. A consistent difference of 1.7‰ also was observed between δ 15 N values of Lithobiomorpha (litter-dwelling predatory Chilopoda) and Pande & Berthet (1975) and Usher (1975) (Oribatida, temperate pine forests), and Mitchell (1978) (Oribatida, temperate aspen forest). Lumbricina species are divided into three ecological groups (epigeic, anecic and endogeic). Species of Chilopoda are divided into Lithobiomorpha (litter-dwellers) and Geophilomorpha (lower litter and soil-dwellers). Depth-related differences were analysed by ANOVA followed by Tukey's HSD test for Lumbricina and Chilopoda (A and B) and by Pearson correlation for Collembola and Oribatida (C and D). Significant effects are shown in bold. Groups sharing the same letter do not differ significantly (for data and statistical details see online Tables S4-S7).
Geophilomorpha (lower litter-and soil-dwelling predatory Chilopoda), suggesting that the difference in δ 15 N values between litter-and soil-dwelling decomposers propagates to higher trophic levels in the food web (Fig. 4B) .
In contrast to δ 15 N values, litter-normalized δ 13 C values in Collembola, Oribatida and Chilopoda showed little difference between species living in the upper litter and in the mineral soil, suggesting that basal resources of both soil-and litter-dwelling soil fauna are similar and comprise predominantly fresh organic matter (Okuzaki et al., 2009) (Fig. 4B-D) . In the mineral soil, root-derived resources contribute significantly to fuelling soil animal species thereby channelling freshly fixed plant carbon into the soil animal food web (Pollierer et al., 2007; Goncharov et al., 2016) . Non-linear changes in δ 13 C values with depth (with the maximum at intermediate depth) in Collembola suggest that the source of carbon in these animals changes from freshly fixed carbon in the litter layer to older microbially processed carbon in lower organic layers and switches back to freshly fixed carbon in the mineral soil presumably provided by roots (Potapov et al., 2016a,b) . The significant increase in 13 C values with depth in earthworms (Fig. 4A) indicates that endogeic species living deeper in soil assimilate more old and more microbially processed carbon (Hyodo et al., 2008; Larsen et al., 2016) . High δ 13 C values are also typical of humiphagous termites (Tayasu et al., 1997; Hyodo et al., 2011) . Although most of the animal taxa in the compiled data set have on average lower δ 13 C values than endogeic Lumbricina, some species of Oribatida, Collembola and Diptera also are markedly enriched in 13 C. Hence, in temperate forests earthworms likely are not the only group using microbially processed carbon in mineral soil layers. However, considering the high biomass of earthworms in temperate forests they likely predominate in this trophic niche. Discrepancies in the depth gradients of δ 15 N and δ 13 C values also suggest that basal resources of carbon and nitrogen for soil animals and for the entire soil food web may be different, but this notion needs further investigation.
One of the consequences of the depth gradient is the overlap in stable isotope values of predatory and detritivorous soil animals. Some species of endogeic earthworms and soil-feeding termites are enriched in 15 N by up to 10‰ relative to plant litter and their δ 15 N values resemble those of high-order predators (Schmidt et al., 1997; Tayasu et al., 1997) . For instance, δ 15 N values in soil-feeding termites, wasps and predatory army ants in a tropical rainforest are similar (Hyodo et al., 2011) . Consequently, it may not be possible to distinguish certain soil detritivores and predators based on δ 15 N values. The phenomenon underlines the principal similarity in the patterns of 15 N/ 14 N trophic fractionation in microbial and animal food chains (Steffan et al., 2015) . Due to this 'trophic inflation' detritivorous animals feeding on organic material processed by microorganisms or on microorganisms themselves occupy the same isotopic trophic level as top predators feeding on animal prey (Steffan et al., 2015) .
Overall, in agreement with earlier suggestions (Schmidt et al., 2004; Hyodo, 2015; Potapov et al., 2016b) 
IX. RECONSTRUCTING TROPHIC LINKS
Trophic links between consumers and resources might be identified by comparing δ 13 C and δ 15 N values: the former are similar in consumer and resource whereas the latter increase by a few per mil in the consumer relative to its resource (according to TEF; see Section VI). To identify the relative contributions of different resources to the nutrition of consumers a number of analytical tools have been used. If the stable isotope composition of the whole spectrum of potential food resources is known, the contribution of each resource to the diet of consumers can be estimated using stable isotope mixing models (SIMMs). A number of mathematical approaches have been developed for this purpose (Layman et al., 2012) . The widely used package IsoSource developed by Phillips & Gregg (2001 , 2003 considers isotopic variability in consumers and resources and allows the use of different TEFs. Subsequently, more-advanced Bayesian mixing models have been developed (Moore & Semmens, 2008; Parnell et al., 2010; Ogle, Tucker & Cable, 2014) and are available in the FRUITS software (Fernandes et al., 2014) .
The application of mixing models is particularly useful in ecosystems with contrasting isotopic backgrounds, such as agricultural fields that switch from growing C3 to C4 plants or vice versa. In such systems the contribution of the 'old' soil carbon and recently fixed plant carbon in the diet of soil animals can be quantified (Albers et al., 2006; Kramer et al., 2012; Scheunemann et al., 2015) . Another interesting application is allochthonous food input into coastal communities with different δ 13 C values of organic matter of aquatic and terrestrial origin (Paetzold, Schubert & Tockner, 2005; Korobushkin et al., 2016; Christianen et al., 2017; Haynert et al., 2017) . Mixing models were also applied for reconstructing trophic interactions of carabid beetles and oribatid mites in studies lacking contrasting isotopic backgrounds Perdomo et al., 2012) .
With an increasing number of potential food sources and associated isotopic variability, the results of SIMMs become more and more uncertain. Another limitation is that δ 13 C and δ 15 N values usually cannot be measured in all potential food sources and TEFs are not well established for soil communities (Perdomo et al., 2012; Section VI) . The limited availability of experimental data on stable isotope ecology has been stressed (Martinez del Boecklen et al., 2011) and this applies in particular to soil animals. To partly overcome the lack of experimental data, organisms with well-known trophic ecology could be used as 'reference trophic species'. For instance, certain species of earthworms or termites can be sampled and their stable isotope compositions used for assessing the trophic position of other species in the community (Kudrin, Tsurikov & Tiunov, 2015; Tiunov et al., 2015) . Further, Fig. 5 ). Direct feeding on plant tissue results in an enrichment in 13 C of herbivores by 0.5-1‰, whereas microbivores feeding on detritus typically are enriched by 3-4‰ as compared to leaf litter (Hobbie et al., 2007; Hyodo, Kohzu & Tayasu, 2010a; Potapov et al., 2013; Samoylova & Tiunov, 2017; Spence & Rosenheim, 2005 ; see Section VI). This 'detrital shift' allows distinguishing decomposers and herbivores ([2] and [3] in Fig. 5 ), i.e. detrital and grazing food chains in the soil food web. Stable isotope composition of soil microorganisms is not uniform as documented for mycorrhizal and saprotrophic fungi. Early studies showed sporocarps of ectomycorrhizal fungi to be enriched in 15 N and depleted in 13 C as compared to sporocarps of saprotrophic fungi (Henn & Chapela, 2001; Taylor et al., 2003) . More recent results suggest that this also applies to fungal hyphae in soil (Wallander et al., 2004) . There is evidence that the isotopic signature of saprotrophic soil bacteria resembles that of saprotrophic fungi . Hence, soil animals feeding on mycorrhizal fungi ([4] in Fig. 5 ) are presumably enriched in 15 N and depleted in 13 C as compared to animals feeding on saprotrophic microorganisms. Soil organic matter is enriched both in 13 C and 15 N as compared to leaf litter and living tissue of vascular plants. Consequently, soil animals feeding on microbially processed (i.e. 'humified') organic matter ([5] in Fig. 5 ) are enriched in 15 N and 13 C as compared to primary decomposers feeding on fresh or poorly decomposed litter material (see Section VIII). Non-vascular plants such as algae, lichens and mosses rely on N from atmospheric deposits which usually are depleted in 15 N as compared to vascular plants (Solga et al., 2005; Tozer et al., 2005; Delgado, Ederra & Santamaría, 2013) . Hence, soil invertebrates with δ 15 N values lower than those of vascular plants have been ascribed to phycophages ([6] in Fig. 5 ) feeding on algae and lichens (Schneider et al., 2004; Chahartaghi et al., 2005) . The maximum 15 N enrichment is observed in top-level predators ([7] in Fig. 5) .
Analysis of the compiled data set was performed to reveal typical trophic positions of main taxonomic groups of soil animals in temperate forests (Fig. 6) . Across the entire data set, only a few soil animals had δ 13 C values close to those of the leaf litter. This indicates that only a small fraction of soil invertebrates in temperate forests rely directly on living plant tissues (leaves or roots) as a basal resource. Rather, the majority of soil invertebrates were enriched in 13 C by about 3-5‰ suggesting that they predominantly feed on saprotrophic microorganisms (see Section VI). High 13 C enrichment was also typical of the majority of invertebrate predators below and above the ground indicating that they rely on decomposers rather than on herbivores as a food resource. In turn, some decomposers and predators were strongly enriched in 13 C (up to 6-7‰ compared to leaf litter), suggesting that dead plant material was largely processed by microorganisms before entering the soil animal food web.
As indicated by positioning below or close to baseline δ 15 N values, about 15-20% of the detritivore animal species from various taxonomic groups, including Collembola, Oribatida and Diplopoda (Fig. 6) , may feed on non-vascular plants, i.e. algae and lichens, suggesting that the importance of non-vascular plants as a basal resource of soil food webs has been underestimated Potapov et al., 2016b; Potapov et al., 2018) . Supporting the importance of non-vascular plants in soil food webs, a recent DNA-based study showed that algivory is widespread among soil protists (Seppey et al., 2017) .
Top predators were enriched in 15 N by about 7-9‰ as compared to leaf litter. Assuming low 15 N accumulation in basal species of the soil food web (Vanderklift & Ponsard, 2003; Oelbermann & Scheu, 2010; Potapov et al., 2013) , these values suggest that top predators are positioned two trophic levels above primary decomposers. Strong 15 N enrichment has been reported before in predatory species and was explained either by intra-guild predation (Ponsard & Arditi, 2000) or by feeding on 15 N-enriched (secondary) decomposers (Scheu & Falca, 2000) . Since many decomposers have high 15 N values in the mineral soil, 15 N-enriched soil-dwelling predators may feed predominantly on decomposers. By contrast, intra-guild predation is likely to be frequent in litter-dwelling predators and this is consistent with the view that trophic level omnivory is widespread in soil food webs (Scheu & Setälä, 2002; Digel et al., 2014) .
Only a few animal species in the data set compiled for this study had low 13 C values and high 15 N values suggesting feeding on mycorrhizal fungi. This challenges the assumption of mycorrhizal fungi serving as an important food source for a wide range of soil animals (Fitter & Garbaye, 1994; Pollierer et al., 2007 Pollierer et al., , 2012 . There are indications that mycorrhizal hyphae are well protected against fungivores by a number of mechanisms including toxins and crystalline structures in the cell wall of hyphae (Böllmann et al., 2010; Duhamel et al., 2013) . However, dead hyphae are degraded by saprotrophic microorganisms (Drigo et al., 2012) and thereby eventually enter soil food webs. On the other hand, dead hyphae may be stabilized in soil and serve as basis for the formation of soil organic matter (Clemmensen et al., 2013; Ekblad et al., 2013) . Limited consumption of mycorrhizal hyphae by soil animals may therefore contribute to the storage of carbon in soil .
The patterns discussed above should be applicable to C3-plant-based forest ecosystems in general, since 13 C and 15 N values of soil animals vary little among different forests, suggesting that trophic niches and food resources of soil animal species are rather constant across ecosystems of similar type Korobushkin et al., 2014; Potapov et al., 2016b) .
X. CLASSIFICATION: TAXONOMY AND TROPHIC GUILDS
Trophic differentiation in soil invertebrates such as Nematoda, Isoptera and Lumbricina has long been recognized in soil food-web models. Other taxa, especially mesofauna, are typically taken as trophic species feeding on similar food resources (De Ruiter et al., 1993; Berg & Bengtsson, 2007; Moore & de Ruiter, 2012) . Detailed studies using natural variations in stable isotope ratios have documented a variety of trophic niches within all major groups of mesofauna including Collembola, Oribatida and Mesostigmata (Schneider et al., 2004; Chahartaghi et al., 2005; Maraun et al., 2011; Klarner, Maraun & Scheu, 2013; Potapov et al., 2016b) . Thus different species within the same taxonomic group belong to different trophic guilds and may therefore perform different ecosystem functions.
Confirming this notion, in the compiled data set we found large interspecific variation within all major groups of soil meso-and macrofauna. The ranges of litter-normalized 13 C values were very similar in different taxa, spanning around 6‰ (see online Table S8 ). However, median 13 C values differed among taxonomic groups suggesting that they use different basal resources (either plant or microbially processed carbon) (Fig. 7) . Among decomposers, Collembola were least enriched, indicating that a large number of Collembola species are trophically linked to non-vascular (see Section IX) or vascular plants (Potapov et al., 2016b) . Lumbricina, Isopoda and Diptera were on average strongly enriched in 13 C, suggesting that they feed on microorganisms or microbially processed organic matter rather than on freshly fixed plant carbon.
13 C values were highest in endogeic Lumbricina, some Enchytraeidae, Neanuridae (Collembola) and some Oribatida. 13 C enrichment was maximal in Oribatida with endophagous juveniles, presumably due to high concentrations of 13 C-enriched calcium carbonate in their cuticle (Maraun et al., 2011) . Inorganic carbonate accumulation in the cuticle may also be responsible for high 13 C enrichment in Isopoda. The range of 13 C values of predators suggests that different predatory groups are connected to different organic matter resources, likely via using different soil layers for hunting prey. Araneae predominantly hunt in the litter layer with their prey consisting to a large extent of primary decomposers and herbivores with low 13 C values. Chilopoda hunt decomposers in the litter and upper mineral soil, and therefore predominantly prey on species of intermediate 13 C values (Günther et al., 2014) . 13 C values were notably high in Mesostigmata. Mesostigmata are able to penetrate small soil pores, colonize deeper soil layers and exploit small prey of high 13 C values that feed on microbially processed organic matter (Klarner et al., 2013) . Thereby, different predators are likely to regulate the decomposition of different organic matter fractions, ranging Groups were a priori assigned to decomposers (yellow) or predators (brown).
from fresh litter material (Araneae) to organic matter at advanced stages of decay (Mesostigmata).
According to the 15 N values none of the high-order taxonomic groups occupied a single trophic level. The narrowest δ 15 N range was found for Diplopoda that form a relatively homogeneous trophic group in temperate forests .
15 N values of other taxonomic groups spanned over 7-8‰ with even higher variation in Collembola, Oribatida and Coleoptera (Fig. 7 , see online Table S8 ). Mesofauna decomposers (Collembola and Oribatida) span from algivorous species with negative 15 N values to strongly 15 N-enriched species. Lumbricina, Isopoda and Diptera were also strongly enriched in 15 N relative to other decomposer taxa. Notably, species with 15 N values of 4-5‰ and higher are present in virtually all decomposer taxa (except Diplopoda). Reasons for the high 15 N enrichment in some soil decomposers likely include (i) feeding on humified soil organic matter in the mineral soil (e.g. endogeic earthworms), (ii) predation or scavenging, and (iii) selective feeding on 15 N-enriched microorganisms such as mycorrhizal fungi (see Sections VIII and IX). As noted above,
15 N values alone do not allow distinguishing between highly 15 N-enriched decomposers and first-order predators (Oelbermann & Scheu, 2010) .
Similar to decomposers, predator groups also formed a continuum of species spanning over two to three trophic levels (Fig. 7) . The least enriched were Coleoptera, indicating various feeding habits in different species within this taxon. Among other groups 15 N values increased gradually from Chilopoda to Araneae to Formicidae to Mesostigmata. All predatory groups likely include species feeding on decomposers and intra-guild predators. High 15 N enrichment in Formicidae indicates that they predominantly function as predators in soil food webs. The trophic position of animal species in food webs tends to increase with body size (Cohen et al., 1993) , but in our data set 15 N values were highest in small-sized Mesostigmata. Mesostigmata are able to feed on small prey species that occupy high trophic levels in microbial food chains, such as predatory Nematoda (Heidemann et al., 2014) . Obviously, the trophic chains in soil are not size-structured in a straightforward manner and this warrants further attention. Several taxa of high taxonomic rank tended to show bimodal distribution. For instance, Coleoptera contain herbivorous and detritivorous families (e.g. Chrysomelidae and Tenebrionidae), along with specialized predators feeding on aboveground 15 N-depleted prey such as epigeic Collembola (some Carabidae). On the other hand, Coleoptera include typical predators as well as necrophagous families such as Silphidae characterized by high 15 N values (Ikeda et al., 2006) . Bimodality in Lumbricina and Chilopoda corresponds to the ecological groups of these taxa comprising endogeic and epigeic species (see Section VIII). Similar patterns in other groups suggest that the majority of high-rank taxa can be divided and combined into several trophic guilds, which are conceptually independent from taxonomy.
Most of the isotope-based research that proposed trophic guild classifications of soil fauna considered δ 15 N values only. As noted above, a large number of decomposer taxa are enriched by several per mil in 15 N relative to litter. This was stressed by Scheu & Falca (2000) who studied soil animal communities in two beech forests. They suggested that δ 15 N values allow distinguishing primary decomposers, feeding directly on the leaf litter (low δ 15 N values), and secondary decomposers that feed predominantly on microorganisms and microbial residues enriched in 15 N relative to the litter. Further, they found 1-3 trophic levels of predators, depending on the local ecosystem. Among Oribatida and Collembola, the division into primary and secondary decomposers was thereafter complemented by including phycophages feeding on algae and lichens depleted in 15 N relative to litter (Schneider et al., 2004; Chahartaghi et al., 2005) . In more recent community studies, some decomposer species were classified as scavengers and four subguilds of predators were distinguished (Oelbermann & Scheu, 2010) .
Classifications based on δ 15 N values are useful for analysing communities based on homogeneous food resources, whereas their applicability is limited if animals living in different layers of soil and litter are investigated (see Section VIII). Delineating trophic niches is improved if δ 13 C values are included in the analysis. For instance, assuming that different species rely on different leaf litter compounds, Pollierer et al. (2009) suggested that soil food webs are compartmentalized into animals with low δ 13 C values (decomposer and fungal feeder/predator compartments) and high δ 13 C values (earthworm and predator compartments). Assuming that 13 C enrichment in soil decomposers reflects primarily the accumulation of 13 C in microbial biomass (and microbial residues), δ 13 C values can be used to complement δ 15 N values in distinguishing between primary decomposers (feeding predominantly on plant material) and secondary decomposers (feeding predominantly on saprotrophic microorganisms and microbial residues; see Section VI).
As δ 13 C and δ 15 N values are homogeneously distributed among taxonomic groups, stable isotope ratios of species or individual animals can be used for estimating their realized trophic position. However, if direct measurements of stable isotope composition are not feasible, taxonomic or ecological classifications may be used for approximating trophic species as shown for Collembola (Potapov et al., 2016b) . Despite the large variation, significant differences in the isotopic composition between high-rank taxa suggest that trophic niches in soil are at least in part structured according to the phylogenetic structure of soil animals (Blomberg & Garland, 2002; Blomberg et al., 2003) .
XI. PERSPECTIVES
Stable isotope data are still predominantly available from well-explored ecosystems and for large species (macro-and mesofauna). Unfortunately, in many cases interpretation of δ 13 C and δ 15 N values is constrained by limited knowledge on stable isotope composition of food resources. Importantly, for better understanding of variability in δ 13 C and δ 15 N values of soil animals, feeding experiments and comparison of bulk stable isotope analysis with other methods are needed. Such studies will allow validation of interpretation of stable isotope data as proposed in the present study. Among others topics, future studies need to focus on the following:
(1) For a comprehensive understanding of the functioning of decomposer food webs more tropical (Lagerlöf et al., 2017) and subtropical ecosystems and more animal taxa, especially microfauna need to be included (Jassey et al., 2013) . (2) Further feeding experiments using different organic compounds, microorganisms and decomposer species are needed to allow a more mechanistic understanding of stable isotope fractionation in detrital systems, especially of basal-trophic-level species (Potapov et al., 2013; Heethoff & Scheu, 2016) . (3) To improve understanding of the structure of trophic niches in soil, stable isotope data need to be linked to morphological and ecological traits (Salmon & Ponge, 2012; Pey et al., 2014; Maaß et al., 2015; Widenfalk et al., 2016; Malcicka, Berg & Ellers, 2017) . (4) Stable isotope data need to be linked to complementary data based on molecular and fatty acid markers Ferlian et al., 2015) or radioactive isotopes (Hyodo et al., 2008) to gain more detailed information on the food material which is actually ingested and assimilated by decomposer invertebrates. (5) Compound-specific stable isotope analysis is increasingly used to clarify trophic links between soil animals, microorganisms and basal food sources and to refine bulk stable isotope data. Compound-specific stable isotope analysis of amino acids is particularly promising as δ 13 C values in essential amino acids differ among plants, fungi and bacteria thereby allowing estimation of the contribution of these three groups to the diet (Larsen et al., 2009a (Larsen et al., , 2016 . Trophic fractionation of nitrogen in 'trophic' as compared to 'source' amino acids allows identifying the trophic level of animals and microorganisms even though signatures of basal resources are unknown (Chikaraishi et al., 2011; Steffan et al., 2015 Steffan et al., , 2017 O'Connell, 2017) . Measuring δ 13 C values in individual fatty acids provides information on carbon pathways from basal resources to microbial and animal consumers (Chamberlain et al., 2004 (Chamberlain et al., , 2006 Ngosong et al., 2011; Pollierer et al., 2012) . (6) In this review we focused on C and N stable isotopes as the most intensively studied elements. In addition, isotope compositions of sulfur, hydrogen and oxygen may help in understanding the structure and functioning of soil animal food webs (Yakir, 1992; McCutchan et al., 2003) . For instance, δD values increase with trophic level and differ less between aquatic and terrestrial ecosystems than δ 15 N values (Birchall et al., 2005) . Further, hydrogen is coupled with carbon in metabolism and 2 H/ 1 H ratio can be used as a substitute for δ 13 C. The 2 H content increases with the proportion of 'heterotrophic' C in mycoheterotrophic plants (Gebauer, Preiss & Gebauer, 2016) and potentially can be used to estimate heterotrophic (microbial) recycling of plant material in soil.
As a general perspective, stable isotopes open a tempting opportunity for comparing the structure of energy fluxes in terrestrial and aquatic food webs including organisms of very different body size from microfauna to large vertebrates. This may allow answering fundamental ecological questions such as whether the trophic structure of food webs formed by soil microfauna resembles that in pelagic plankton communities. Notably, analogous to the 'detrital shift' in soil food webs (but not above the ground), consumers in benthic food webs also are characterized by higher δ 13 C values as compared to pelagic food webs (Hobson et al., 2002; Tamelander et al., 2006) . While in soil the 13 C enrichment is likely driven by microbial litter decomposition, in aquatic ecosystems it has been attributed to water turbulence affecting 13 C fixation via exchanging water at the surface of photosynthetic organisms (Keeley & Sandquist, 1992; France, 1995 France, , 2003 , thus ignoring the potential role of microorganisms in 13 C-enrichment of benthic consumers.
XII. CONCLUSIONS
(1) During last two decades, stable isotope analysis has allowed general patterns to be uncovered in the structure and functioning of soil food webs. However, for correct interpretation of stable isotope ratios a number of factors need to be taken into account. We discussed the main methodological approaches for studying soil food webs using natural variations in stable isotope values of animal consumers along with pitfalls in data collection, normalization and interpretation.
(2) In contrast to aboveground and aquatic food webs, trophic fractionation at the basal level of soil food webs is large for 13 C and small for 15 N. Enrichment in 13 C of the majority of soil animals relative to plants underlines the importance of microorganisms and microbial residues, in contrast to plant litter material, as the food resource for decomposer soil animals.
(3) Both 13 C and 15 N accumulate in microbial trophic chains with soil depth affecting δ 15 N values of animals inhabiting lower litter and mineral soil layers. Accounting for soil depth allows distinguishing between soil-dwelling detritivores and litter-dwelling predators. Notably, assuming that microbes are trophic analogs of animals, secondary decomposer animals feeding on microbially processed organic matter might be viewed as high-level consumers analogous to predators. In contrast to δ 15 N values, δ 13 C values of animals vary little with habitat depth, suggesting that the majority of soil animals rely on similar carbon resources in litter and mineral soil, i.e. root-or litter-derived labile organic compounds. This suggests that organic matter heavily processed by microorganisms and stored deeper in the mineral soil is sequestered from the majority of soil animals.
(4) Substantial enrichment in 13 C, but not in 15 N, in the majority of soil decomposer animals suggests that soil animals rely little on living plants or mycorrhizal fungi. In turn, δ 15 N values lower than those in plant litter suggest that the contribution of lichens and algae as basal resources of soil-animal food webs has been underestimated.
(5) In many cases the niches of taxa of high rank overlap, indicating that taxonomic classification to species or into ecological groups is necessary to reliably identify trophic species. Despite that, even at a high taxonomic level such as order we found consistent differences among taxa indicating that trophic niches of soil invertebrates are phylogenetically structured. Among other consequences, this implies that different predator taxa are likely to regulate the decomposition of different organic matter fractions, ranging from fresh litter material (Araneae) to organic matter at advanced stages of decay (Mesostigmata).
(6) Homogeneous distribution of δ 13 C and δ 15 N values in soil animal species suggests that soil food webs are not strongly resource-compartmentalized. However, further studies are needed that take into account soil heterogeneity, body size and other traits of soil biota as well as the abundances of species to understand the flux of energy through soil food webs. While novel techniques, such as molecular gut content analysis and amino acid stable isotope probing, will gain more importance in near future, the analysis of bulk stable isotope signatures will remain an invaluable tool for understanding the structure and functioning of decomposer systems.
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